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During embryogenesis, chordates pass through a tailbud stage in which the larval tail is formed. Since
acquisition of a tadpole-like tail during tailbud stage is one of the key events in the evolution of
chordates, understanding the anatomy of the tailbud stage chordate embryo is of special interest. In
this study, to understand comprehensively the anatomy of the tailbud embryo at single-cell-level, real
microscopic image stacks of the tailbud embryo in Ciona intestinalis were reconstructed into a 3D
computer model. This comprehensive 3D model of the ascidian tailbud embryo was based on real
images of confocal laser scanning microscope (CLSM) and therefore, cell shape, location and cell
arrangement reﬂect real geometries of the tailbud embryo. We found that the tailbud embryo consists
of 1579 cells, including 836 epidermal cells, 228 cells in the central nervous system, 218 mesenchymal
cells, four trunk ventral cells, two B/Bn8.11 cells, 36 muscle cells, 40 notochord cells, four primordial
germ cells, and 199 endodermal cells. Moreover, we identiﬁed for the ﬁrst time two populations of
previously undeﬁned cells (a total of 12 cells) in Ciona: one located in the lateral trunk and the other
located under the tail dorsal epidermis. This information provides a ﬁrst step for understanding how
the body plan of the chordate tailbud embryo formed and evolved.
& 2012 Elsevier Inc. All rights reserved.Introduction
All non-chordate marine invertebrates, irrespective of whether
they are protostomes or deuterostomes, pass through a larval
stage in which they swim with the aid of cilia or a ciliary band
(e.g., the pluteus of sea urchins and the tornaria of acorn worms)
(Nielsen, 1999). In contrast, chordate larvae are tadpole-like and
swim instead via tail beating. This alteration in larval swimming
mode is an evolutionary signiﬁcant event that may provide clues
about the origin of chordates (Satoh, 2008; Satoh et al., 2003).
During embryonic development, the larval tail is formed at the
tailbud stage in chordates, which include urochordates, cephalochor-
dates, and vertebrates. A detailed morphological analysis of tailbud
stage embryos is necessary to understand the evolution and devel-
opment of chordates. Ascidians, which belong to the urochordate
subphylum, undergo mosaic development. The staging of ascidian
embryos from the fertilized egg (stage 1) to the tadpole-like larva
(stage 26) has been described in precise detail (Hotta et al., 2007),
as have the lineages of the cells giving rise to the epidermis, central
nervous system (CNS), endoderm, mesenchyme, trunk lateral
cells (TLCs), muscle, and notochord (Conklin, 1905; Nicol and
Meinertzhagen, 1988; Nishida, 1987; Nishida and Satoh, 1983;ll rights reserved.Ortolani, 1955). Moreover, the Ciona tailbud embryo is composed of
1000 cells after 10 rounds of cell division after fertilization
(Satoh, 1994), while the Halocynthia roretzi tailbud embryo consists
of approximately 1100 cells (Yamada and Nishida, 1999). The simple
structure of the ascidian tailbud embryo makes it an attractive model
for studying the molecular mechanisms of tailbud formation.
Understanding Ciona tailbud anatomy at single cell resolution
would lead to key insights into chordate developmental mechan-
isms and evolution. Currently, the Ciona intestinalis embryo has
been 3D reconstructed at the single-cell level up to the 128-cell
stage (gastrula period; available from ANISEED, http://anisee
d-ibdm.univ-mrs.fr/help.php#3DVE), and its geometry has been
extensively studied based on invariant early cell lineages
(Sherrard et al., 2010). This comprehensive, single-cell level body
atlas at early developmental stages of the ascidian embryo (Robin
et al., 2011; Sherrard et al., 2010; Tassy et al., 2006; Tassy et al.,
2010) has aided in our understanding of the molecular mechan-
isms of pattern formation during morphogenesis. However, no
such atlas of the whole tailbud embryo exists at present.
After the 128-cell stage, Ciona gastrulation (stages 11–13)
involves epibolic movements of ectodermal cells and the migration
of endodermal and mesodermal cells inside the embryo. Neurula-
tion is then accomplished by folding of the presumptive neural plate
(stages 14–16), as in vertebrate embryos. The tailbud stage of Ciona
embryos spans from stage 17 (early tailbud; 8.45 hpf (hours post
fertilization), at 18 1C) to stage 25 (late tailbud; 17 hpf at 18 1C).
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epidermis, dorsal central nervous system, anterior palps, bilateral
mesenchyme, and endoderm. The tail contains the dorsal neural
tube, axial notochord, ventral endodermal strand, bilateral muscle
cells, and tail epidermis.
Here, we report for the ﬁrst time a single-cell level 3D
anatomy of the chordate tailbud embryo. Fluorescently labeled
F-actin in ﬁxed ascidian embryos permits imaging of individual
cell boundaries at high resolution by confocal laser scanning
microscope (CLSM). To explore the anatomy of tailbud embryo,
we performed 3D computer modeling of a whole tailbud embryo
labeled with alexa phalloidin. Then, cell lineage and anatomical
data from past studies was manually combined with this 3D
model. By annotating all cells in this 3D platform, we could clearly
recognize not only individual cells matched with information of
cell lineage and anatomical name, but also the spatial relation-
ships between cells or tissues at derived different lineages. Our
comprehensive manual annotation of cells in a whole embryo at
tailbud stage is important for understanding ascidian develop-
ment and commonly shared chordate body plan. An open-access
interactive anatomy of Ciona 3D Virtual mid-tailbud embryo
(3DVMTE) is available online (http://chordate.bpni.bio.keio.ac.jp/
3DVMTE).Materials and methods
Selection of mid-tailbud stage embryo
C. intestinalis adults were obtained from the Maizuru or
Yokohama region of Japan. Eggs and sperm were obtained
surgically from the gonoduct. After dechorionation, eggs were
inseminated and incubated at 18 1C until mid-tailbud stage.
According to standard criteria of ascidian developmental stage
(Hotta et al., 2007), there are three staging criteria that deﬁne the
mid-tailbud stage: the time after fertilization (10.9 hpf (hours
post fertilization)), the percentage until hatching (62%), and the
ratio of tail to head length (T/H ratio¼1.86). In this study, we
analyzed ﬁve individuals at mid-tailbud stage. Among them, two
individuals (T/H ratio¼1.86 and 1.78) were manually converted
to 3D model and several tissues of the remaining three indivi-
duals were also converted for conﬁrmation of variability of tissue
arrangement. These embryos were ﬁxed at 11 hpf and stained by
alexa ﬂuor phallodin 546. Their T/H ratios were between 1.78 and
1.90. The protocol for the ﬁxation and the phalloidin staining was
described previously (Hotta et al., 2007).
Image data set and processing into a 3D PDF
To generate a 3D model of a St. 22, mid-tailbud II embryo,
whose body adopts a half circle shape (T/H ratio¼1.86), we used
an Olympus FV1000 CLSM. The imaging data is available from the
FABA web site (http://www.chordate.bpni.bio.keio.ac.jp/faba/top.
html). In order to identify and annotate every cell/tissue, double
staining images (ex. cell membrane and nucleus) of different
individuals at the same stage were occasionally used as reference
images (data not shown). The sections used in this study were
0.220.220.8 mm voxels. All computational processes were
performed on a system with an Intel Xeon 2.33 GHz processor
(Intel corporation, Santa Clara, CA, USA) and 16 GB of RAM
running on a 64-bit MS Windows 7 system (Microsoft Corpora-
tion, Redmond, WA, USA). Amira/Avizo 6 (Visage Imaging, San
Diego, CA, USA) was used to create 3D reconstructions from serial
sections, according to Tassy’s method (Tassy et al., 2006). Since
automatic cell boundary segmentation resulted in many erro-
neous annotations, cell segmentation was performed manually.For the 3D PDF protocol, we followed de Boer et al., (2011) using
Adobe Acrobat 3D version 8. Using the PDF format minimizes the
ﬁle size of a large 3D visualization data set without requiring any
special software installation. Thus, the 256 MB raw 3D modeling
data (VRML) ﬁle generated by Amira was reduced to a 3 MB PDF
ﬁle, which facilitates distribution of the data ﬁle.Results
Converting CLSM images into a 3D model
In all image stacks, all cell boundaries were clearly recogniz-
able. Alexa phalloidin speciﬁcally stained the boundaries of cells
and differentially stained tissues based on intensity, contrast, and
cellular localization of the staining (Fig. 1A and A’). Only trunk
lateral cells (TLCs; A7.6 line in Ciona) (Tokuoka et al., 2004) could
not be distinguished morphologically from mesenchymal cells
without any use of speciﬁc markers. Therefore, in this study, TLCs
were included in the mesenchyme (Fig. 3). Table 1 lists all the
anatomical components in this study, which were identiﬁed
based on the original confocal section image (Fig. 1).
Annotating cell lineage and anatomical information to 3D model
To combine our 3D model with the cell lineage and anatomical
data into one platform, we embedded the 3D objects into an
Adobe Systems’ Portable Document Format (PDF) ﬁle, a format
widely used for the distribution of scientiﬁc papers (de Boer et al.,
2011; Murienne et al., 2008; Ruthensteiner and Hess, 2008). The
PDF version of 3DVMTE is advantageous for us to distribute
anatomical information easily as well as to understand the
complex anatomy. For example, it can display any cell, based on
the hierarchical structure of the anatomical ontology (Fig. 2A). In
addition, it can display any cross section angle (Fig. 2B) or
transparent (Fig. 7E and F) view of cell/tissues.
Anatomy and cell number in each tissue of the Ciona mid-tailbud
embryo
Based on our cell count in the 3D Virtual mid-tailbud embryo
(3DVMTE), the mid-tailbud embryo (T/H¼1.86) consists of a total
of 1579 cells. Among these, 836 cells are epidermal (including
primordium for palps and oral siphon), 228 cells are in the central
nervous system (CNS), 40 cells constitute the notochord, 36 cells
are muscle, 218 cells are mesenchymal (including 16 TLCs), 199
cells are endodermal, 4 cells are trunk ventral cells (TVCs), 4 cells
are primordial germ cells, and 2 cells are derived from B/Bn8.11
(Fig. 3 and Table 1). Interestingly, the number of mesenchyme
cells on the left side is different with that of the right side (N¼2;
Suppl. Table 1). In addition, we identiﬁed 12 undeﬁned cells.
Detailed tissue anatomy at cellular level
Epidermal tissues
The outer surface of the ascidian tailbud is composed of a layer
of epidermal cells. Eight distinct single-cell rows make up most of
the Ciona tail epidermis (Pasini et al., 2006). We found that the
tail epidermis consists of a dorsal domain of 44 cells, a ventral
domain of 57 cells, two dorso-lateral domains of 71 cells, two
ventral-lateral domains of 66 cells, and two lateral domains of 99
cells (Fig. 4B and C). This octagonal regular organization was lost
around the tapered tip of the tail (53 cells). The lineage informa-
tion of epidermal cells was extensively described in Halocynthia
(Nishida, 1987). Following this information, epidermal lineages in
the 3DVMTE were annotated (Fig. 4C).
Table 1
Cell counts of each anatomical component in different two 3DVMTEs. Anatomical components shown are also annotated in the PDF version of the 3DVMTE, based on the
anatomical ontology.
Anatomical component Cell counts at mid-tailbud
stage T/H¼1.86
T/H¼1.76
Whole embryo 1579 1446
Epidermis 761 742
Trunk 371 372
Tail 337 323
Dorsal 44 37
Dorso Lateral 37 34
Dorso Lateraln 34 37
Lateral 52 54
Ventral Lateral 33 29
Ventral Lateraln 33 31
Lateraln 47 52
Ventral 57 49
Tail Tip 53 47
Putative Oral Siphon Primordium 4 6
Putative Palps region 71 69
b/bn7.13 derived cells (Undeﬁned cells ) 4 4
CNS 228 215
Putative Senvory vesicle 122 111
AnteriorSV 60 62
MiddleSV 39 33
Dorsal 2 2
Lateral 16 16
Lateraln 17 11
Ventral 4 4
PosteriorSV 23 14
Dorsal 4 2
Lateral 8 5
Lateraln 8 5
Ventral 3 2
Putative Neck 14 12
Dorsal 2 2
Lateral 5 4
Lateral* 5 4
Ventral 2 2
Putative Visceral gangrion 19 20
Dorsal 2 2
Lateral 6 7
Lateraln 7 7
Ventral 4 4
Putative Neural tube 73 72
Dorsal 21 17
Lateral 18 19
Lateraln 18 19
Ventral 16 17
Notochord 40 40
A 32 32
B 8 8
Muscle 36 36
B8.10 2 2
Bn8.10 2 2
B8.15-16 4 4
Bn8.15-16 4 4
B9.13-16 8 8
Bn9.13-16 8 8
A8.16 2 2
An8.16 2 2
b8.17 2 2
bn8.17 2 2
TVCs 4 4
Mesenchyme 218 164
B7.7þ8.5 114 78
Bn7.7þ8.5 104 86
Endoderm 199 154
trunk endoderm 178 138
endodermal strand 21 16
Potential Primordial Germ Cells (B/Bn9.23þ9.24) 4 2
B/Bn8.11(CAB) 2 2
Actin Rich Region 1 2
A/An4.1 derived cells (Undeﬁned cells) 8 8
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Fig. 2. Interactive 3D visualization of the 3DVMTE using a 3D model-embedded PDF. (A) General window of the PDF. Each anatomical component in the 3DVMTE is
displayed separately and shown hierarchically based on anatomical ontology, and can be selected from square 1. A view angle of interest can be saved in square 2. The view
of the 3DVMTE can be interactively displayed in the box on the right (3 in A). In A, epidermis is selected from the left box. (B–D) Examples of 3D visualization of the
3DVMTE. (B and D) Section view of the 3DVMTE from the left (B) and ventral (D) sides. (C and C’) b/b*7.13 derived cells (undeﬁned cell pairs) were found in the posterior
tail region (arrows). Four undeﬁned cells were located dorsal to the muscle. Abbreviations: Not, notochord; Mus, muscle; TVCs, trunk ventral cells.
Fig. 1. 3D Virtual mid-tailbud embryo (3DVMTE) was constructed from CLSM images. (A and A’) Reconstructed 3D (A) and section (A’) images of a Ciona mid-tailbud
embryo by CLSM. Scale bar, 25 mm. (B and B’) 3DVMTE images constructed from CLSM images. (B’) View of the 3DVMTE after removing epidermal cells, b/b*7.13 derived
cells (undeﬁned cells), muscle, mesenchyme, and A4.1 derived cells on the left side. This view permits easy observation of the midline tissues, notochord, central nervous
system, and endoderm at the single cell level. All ﬁgures are shown from a lateral view. In all ﬁgures, left is anterior, right is posterior, top is dorsal, and bottom is ventral.
Abbreviations: A, anterior; P, posterior; D, dorsal; V, ventral; B, brain; BS, brain stem; Endo, endoderm; ES, endodermal strand; Epi, epidermis; NT, neural tube; Not,
notochord; TVCs, trunk ventral cells.
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organ, which consists of three cone-shaped protrusions, called
palps/papillae, develops in the anteriormost part of the tadpolelarva and serves to attach the larva to a settlement surface. In the
3DVMTE, the palps primordia were visible as a thickening and
bulging of the anteriormost trunk epidermis. The cells in the palps
Fig. 3. Cell numbers for each tissue in the 3DVMTE. Tissue names, cell numbers, a lateral view of the 3DVMTE for each tissue with a transparent epidermis (white), and a
dorsal view of the 3DVMTE for each tissue with an outlined body shape (red line) are shown. In the case of bilateral tissues, cell number is indicated separately for the left
and right (asterisk) sides. Total cell number of the whole mid-tailbud embryo was 1579 cells. Abbreviations: CAB, centrosome-attracting body; CNS, central nervous
system; Endo, endoderm; Epi, epidermis; Mes, mesenchyme; Mus, muscle; Not, notochord; OSP, oral siphon primordium; PG, primordial germ cells; TVCs, trunk
ventral cells.
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other cuboidal epidermal cells (Fig. 4A, palps). There were 71 cells
presenting the rectangular-shaped feature. The a7.11 cell of the
Halocynthia embryo gives rise to the epidermis of the anterior trunk
region, while one of the daughter cells of a/an8.18 forms the dorsal
palps, and a/an8.20 gives rise to the left and right ventral palps
(Nishida, 1987). Since it is unknownwhether the palps lineage is also
conserved in Ciona, we tentatively annotated the 3DVMTE with the
Halocynthia cell lineage information. However, we could not mor-
phologically distinguish the border between a/an8.18 and a/an8.20 on
the 3DVMTE, so we annotated the palps lineage as a/an8.18þa/an8.20
(Fig. 4C). In the upper side of the palps, there were at least four oral
siphon primordia (OSP) cells forming a rosette shape (Fig. 4C). Since
the OSP is thought to originate from a/an8.19 (Christiaen et al., 2007;
Nishida, 1987; Veeman et al., 2010), we annotated this lineage
information on the OSP cells in the 3DVMTE.Undeﬁned cells under dorsal epidermis
In Halocynthia, two undeﬁned cell pairs (b7.13 derived) were
reported in the posterior-dorsal region of the tail (Nishida and
Satoh, 1985). These cells belong to neither the spinal cord nor the
epidermis. It was found that, in Ciona, the same cells also seemed
to be present under the dorsal epidermal cell layer (Fig. 2, arrows;
Suppl. Fig. 1). We found that these cells always consist of total
4 cells (each 2 cell pairs at the bilateral side) at mid-tailbud stage
and not bilaterally symmetrical (N¼5). Interestingly, two cells of
one lateral side were originally separately located beneath of
dorsal epidermis at early tailbud stage (data not shown). Then the
posterior cell moved anterior, they contacted with each other and
intercalated under the anterior one at mid tailbud stage (Fig. 2,
arrows).
Central nervous system
A virtual section image from the anterior CNS revealed that the
CNS was a bilaterally symmetrical duct at least in the mid-tailbud
stage (Fig. 5). The anteriormost CNS duct directly connected the
oral siphon primordia (OSP) (Veeman et al., 2010). In our analysis,
the OSP consisted of four cells in the mid-tailbud stage (Fig. 4C;Fig. 5K; and see the 3D PDF ﬁle). With the 3DVMTE, it was
revealed that different regions of the duct are comprised of a
different number of cell rows. For example, from anterior to
posterior, there are four (OSP), ten (Fig. 5D’), six (Fig. 5E) and four
tandem aligned (Fig. 5F) cell rows. Based on morphological
features with number of rows in the duct, the CNS in the 3DVMTE
was divided into 6 regions: the anterior sensory vesicle (SV),
middle SV, posterior SV, neck, visceral ganglion (VG), and caudal
neural tube (NT) (Fig. 5, lines d, e, f, g, and h). Here we describe
these 6 regions.
Sensory vesicle (SV)
We could morphologically divide the SV into three regions: the
anterior SV, middle SV, and posterior SV. In the anterior SV, the
number of rows of ventral cells was four (Fig. 5D and G, green
asterisks). In the middle SV, on the other hand, the cell number
constructing the ventral side was one (Fig. 5D’ and G, white
asterisks) and a regularly aligned 16 matrix (4 rows4 columns)
was observed at the lateral side (Fig. 5H, red asterisks). In a previous
report, all of ventral cells’ row derived from A-line cells at
corresponding CNS developmental stage consists of one and such
a 44 matrix in lateral cells of the middle SV was also observed
(Imai and Meinertzhagen, 2007b). In the middle SV, the duct
consists of 10 rows: one dorsal, eight lateral, and one ventral
(Fig. 5D’ and H red asterisks). Thus, there is a clear morphological
border between the anterior and middle SV (Fig. 5, line d). The duct
in the posterior SV consists of six rows of cells: one dorsal, four
lateral, and one ventral (Fig. 5E, asterisks). Thus a clear morpholo-
gical border between middle SV and posterior SV was also deﬁned
(Fig. 5, line e). Furthermore, in the neck region, the cell number at
the lateral side becomes one and the sectioning image of the duct in
the neck region consists of 4 rows of cells (Fig. 5F, white asterisks).
Thus, a clear morphological border between the posterior SV and
neck was deﬁned (Fig. 5, line f). As the morphological borders
deﬁned here coincided well with a previous report (E60-75 stage
embryo)(Cole and Meinertzhagen, 2004), the detailed cell-lineage
information of SV, except for the anterior SV, could be annotated on
the 3DVMTE (Fig. 5C). Comparing other regions within the anterior
SV, the spatial conﬁguration of the cells was not regularly arranged
Fig. 4. Epidermal tissues visualized in the 3DVMTE. (A) Lateral view of the epidermis
in the 3DVMTE sliced in a lateral plane. The putative palps region is indicated by a
white line. (B and C) The tail epidermis in the mid-tailbud embryo consists of eight
distinct single-cell columns (asterisks): dorsal, right dorso-lateral, right lateral, right
ventral-lateral, ventral, left ventral-lateral, left lateral, and left dorso-lateral. (B) Anterior
view of tail region sectioned in an anterior plane. The section position is indicated by a
white dotted line in C. Arrows indicate b/b*7.13-derived cells (undeﬁned cells) found in
posterior tail region. (C) Lateral view of epidermis, OSP and palps with cell-lineage
information. Abbreviations: A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R, right;
Endo, endoderm; Es, endodermal strand; Epi, epidermis; NT, neural tube; Not,
notochord; OSP, oral siphon primordium; TVCs, trunk ventral cells.
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detailed cell-lineage information. Only two pairs of morphologically
diagnostic cells that were bigger and had an elongated shape along
anterior-posterior axis were easily distinguishable from other cells
in the anterior SV (Fig. 5H, white line). In the SV region, the brain
cavity that gives rise to the ‘‘brain vesicle’’ at a later stage was
observed (red arrowhead in Fig. 5J and yellow line in Fig. 5K).
Interestingly, the brain cavity mainly corresponded to the middle
SV (Fig. 5D’ and E). The cavity became narrow by cells in both
regions of anterior SV (red arrow in Fig. 5J and K, borderline
between anterior SV and middle SV) and posterior SV.
Neck, visceral ganglion (VG), and caudal neural tube (caudal NT):
The number of rows in the neck, VG and caudal NT, was four
(Fig. 5 F). However, the border of each region was morphologi-
cally distinguishable by the landmark cells and by the A/An10.57
cells previously reported (Fig. 5I, indicated by white asterisks;
T/H¼2 embryo)(Ikuta and Saiga, 2007). The A/An10.57 belongedto VG but these cells were ventrolaterally located, stepping out of
the main lateral cell row at the anterior-most caudal NT (Fig. 5B).
A/An10.57 also displayed a more elongated shape along its
anterior-posterior axis than the other perimeter cells (Imai and
Meinertzhagen, 2007a; Okada et al., 2002; Stolﬁ and Levine,
2011). Using these morphological landmarks, we could ﬁnd the
borders between the neck, VG, and caudal NT (Fig. 5, lines g
and h).
In the 3DVMTE, the cell number constructing the lateral
column of the neck was 10 (5 pairs). Those morphological
features coincided well with a previous report (Cole and
Meinertzhagen, 2004; E60–75 stage embryo (where E denotes
the developmental stage of the CNS)). Based on the previous
reports, the cell-lineage information of the neck and VG was
annotated on the 3DVMTE (Fig. 5C; see the 3D PDF). Four cells
(A/An12.239, A/An11.118, A/An11.117, and A/An10.57) among ﬁve
putative motoneuron cells at the VG could then be identiﬁed on
the 3DVMTE (Fig. 5I, asterisks). The other putative motoneuron
cells, A/An12.239, seemed not to be divided and to be still the
undivided A/An11.119 cells at the 3DVMTE.
The caudal NT is the most posterior region of the CNS and
consists of four columns of cells, except for the 4 or 5 cells at the
posterior tail tip. The cell shape of the caudal NT displayed
elongated shape along the anterior-posterior axis. There are 18
pairs of cells on the lateral side of the caudal NT. The number of
cells on the dorsal side (21 cells) is larger than that on the lateral
and ventral sides (16 cells). In our analysis, the 3DVMTE reveals a
total of 228 CNS cells: 122 SV cells, 14 neck cells, 19VG cells, and
73 caudal NT cells. Because the number of cells in the developing
tailbud stage nervous system in C. intestinalis was previously
reported to be approximately 110 at E55, 132 at E60, 162 at E65,
214 at E70, 250 at E75, 250 at E80, 266 at E85, 344 at E90, and 344
at E95 (Cole and Meinertzhagen, 2004), the total CNS cell number
of our analysis corresponded mainly with the previously reported
E70–75 stage.
Mesodermal tissues
Notochord
The C. intestinalis notochord in the tailbud stage embryo
consists of 40 cells. The notochord is located at the tail midline
and surrounded by the dorsal hollow of the nerve cord, the
bilateral side of the muscle and endoderm in the ventral side
(Fig. 1B’, Fig. 4B and Fig. 6D). The 32 anterior cells consisted of
A/An10.17–24 and A/An10.49–56, and the 8 posterior cells con-
sisted of B/Bn10.21–24 at mid-tailbud stage (Fig. 6A). These
notochord cells do not undergo cell division at later stages, and
A-line and B-line precursor cells do not interdigitate with one
another (Nishikata and Satoh, 1990). The cell volume of all of
B-line notochord cells is smaller than that of A-line cells (data not
shown). Each notochord cell is coin-shaped (Fig. 6B), except for
cells of the anterior and posterior tips.
Muscle
The Ciona tail muscle consists of 18 pairs of cells. These cells are
the biggest among the cells of tailbud tissues and easily identiﬁable
from other cells. The muscle cells are A/An9.31, A/An9.32, B/Bn9.19,
B/Bn9.20, B/Bn9.29–32, B/Bn10.25–32, b/bn9.33, and b/bn9.34 at the
mid-tailbud stage (Fig. 6C) (Passamaneck et al., 2007). These muscle
cells have no cell divisions at later stages. On the other hand,
Halocynthia has 21 pairs of cells. These 3 differences of cell number
are caused by differences of cell fate in both b8.17 and b8.19. In
Halocynthia, b8.17 gives rise to 3 muscle cells and b8.19 gives rise to
2 muscle cells. On the other hand, in Ciona, b8.17 gives rise to
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(Nishida, 1987).Trunk ventral cells (TVCs)
TVCs are descendants of B7.5 and are located in the recesses of the
ventral side of the trunk endoderm (Fig. 6D and E; Fig. 7) (Davidson,
2007; Stolﬁ et al., 2010). It was easy to recognize TVCs because the
actin intensity of TVCs assessed by alexa phalloidin staining was
strong and distinct from other neighboring cells. We annotated two
symmetrical pairs of TVCs in the 3DVMTE. On each side, the dorsal
TVC is smaller than the ventral one (Fig. 6D). TVCs contact the trunk
endoderm, mesenchyme, and epidermis (Fig. 1B’ and Fig. 6D).Mesenchyme
Mesenchymal cells are located bilaterally in the trunk region
of the mid-tailbud embryo (Fig. 6F). They are descendants of three
pairs cells (B8.5, B8.13, and B8.14) (Tokuoka et al., 2004; Zalokar
and Sardet, 1984), and are mostly spherical. Interestingly, the
number of mesenchymal cells on the left side of the embryo is
different on the right side (N¼2).Endodermal tissues
Larval endodermal cells gave rise to various endodermal organs
of juveniles: endostyle, branchial sac, peribranchial epithelium,
digestive organs, peripharyngeal band, and dorsal tubercle(Hirano
and Nishida, 2000). The endoderm of an ascidian larva has generally
been subdivided into trunk endoderm and the endodermal strand
in the tail region (Fig. 7). However, this classiﬁcation is arbitrary
and the border of endoderm and endodermal strand is not
structurally deﬁned at cellular level. In our 3D model, it was found
that, in the tail region, endoderm cells, except for the caudal tip, had
anterior-posterior elongated cell shape and made two columns
(Fig. 7B, asterisks). The trunk endoderm contacts the epidermis,
CNS, mesenchyme, TVCs, and anterior notochord (Fig. 1A’; Suppl.
Fig. 1C), while the endodermal strand contacts the epidermis,
notochord, and muscle (Fig. 1A’; Suppl. Fig. 1D). Cell lineage
information was annotated based on previous papers (Nishida,
1987; Shirae-Kurabayashi et al., 2006).Fig. 5. Central nervous system (CNS) and A/A*4.1-derived cells (undeﬁned cells) visualized
(B) Magniﬁed view of the yellow square in A. Six asterisks indicate putative visceral gang
between the neck and VG (g) and between the VG and caudal neural tube (NT) (h), respec
regions: anterior SV (red), middle SV (yellow), posterior SV (green), neck (light blue), VG (
also shown. Pink (arrows d, e, and f) and red (arrows g and h) dotted lines represent the bo
dotted lines in C indicated by arrows d, e, and f correspond to each sectioned plane for
However, D represents the posteriormost plane of the anterior SV, and D’ represents th
boundary between the anterior SV (green asterisks in blue cells) and the middle SV (whi
asterisks), six cells in the e-plane (E, asterisks), and four cells in the f-plane (F, asterisks)
regions. Cells of the ventral rows of the anterior SV and middle SV are indicated by green
SV, and anterior neck regions. Lateral cells in the middle SV and posterior SV are indicated
found on both lateral sides of the anterior SV. These cells are larger than all neighboring a
part of the posterior SV, neck, VG, and caudal NT regions. White asterisks (A12.239, A11.1
cells (Ikuta and Saiga, 2007). (J and K) Lateral view of whole SV. Cells surrounding brain cav
of brain region from a lateral view. At the middle SV, the brain cavity (red arrowhead in J a
and K). These cells are located in the boundary between the anterior SV and middle SV, as
the anterior CNS duct. Arrows d, e, and f correspond to the planes of D, E, and F, respectiv
phalloidin. A group of putative A4.1 derived cells is represented by a red square, and the
Arrowheads indicate granules more richly stained with alexa 488-phalloidin in putative
derived cells on the 3DVMTE from dorsal (N and O), lateral (M), and ventral (N’) views. (M
and N’) Spatial relationships between the CNS (blue) and putative A/A*4.1-derived cells
anterior SV cell pairs (white line) indicated in H. (O) Spatial relationships among putative A
shown. Putative A/A*4.1 derived cells consisted of four bilateral pairs. Abbreviations: A, an
nervous system; Endo, endoderm; Mes, mesenchyme; Mus, muscle; Not, notochord; OSPEndodermal strand and position of primordial germ cells
We found that the endodermal strand is composed of two
bilateral columns (Fig. 7B and C). Cells in both the left and right
columns were organized in an alternating pattern like footprints in
the ventral side of notochord cells (Fig. 7C, arrowheads). This
arrangement like footprints was also observed in other individuals
(N¼5). B/Bn7.6 cells divide asymmetrically during gastrulation to
produce two distinct daughter cells, B/Bn8.11 and B/Bn8.12. Among
these daughter cells, the centrosome-attracting body (CAB) is
inherited only by B/Bn8.11 cells (Shirae-Kurabayashi et al., 2006).
Therefore, the phalloidin staining highlights F-actin aggregates in
the B/Bn8.11 cells (Fig. 7D). The 3DVMTE clearly reveals that B/
Bn8.11 cells presented in the midline region between the left and
right cells of the endodermal strand along the anterior-posterior
axis (Fig. 7B, E, and F). This midline region may allow B/Bn8.11 cells
to move anterior and posterior after cell division of B/Bn7.6,
potentially explaining why B/Bn8.11 containing CAB and primordial
germ cells (B/Bn8.12) can separately locate in endoderm strand
even if it originated from the same B/Bn7.6 cell.
In the 3DVMTE, B/Bn8.11 pair did not contact with epidermal cells
but located in the gap of the 8-13th cell counting from posterior-most
endodermal cell (Fig. 7E and F). Each B/Bn8.12 cell divides once to
form four CiVH-positive cells by the late tailbud stage. Position of B/
Bn8.12 descendants locate more posterior region than B/Bn8.11 in
endodermal strand so we assigned putative 4 primordial germ
cells among 5 most posterior endodermal cells (Fig. 7A, C, E and F)
(Shirae-Kurabayashi et al., 2006). We found another F-actin-rich
region except for CAB in endodermal strand located in the gap of
the 17–18th cell counting from posterior-most endodermal cell
(Fig. 7D F). But this region might be a part of B/Bn8.11.
Undeﬁned cells at lateral side of sensory vesicle
In this study, we found an unidentiﬁed population of cells in
trunk region (Fig. 5L–O). These cells were clearly distinguishable
from the other tissue because the intensity of the F-actin staining
was different from surrounding tissues such as SV cells, epider-
mis, endodermal cells and mesenchymal cells (Fig. 5L and M;
N¼5). In addition, these cells differed from those of the endoderm
and mesenchyme, since they contained richer granules when
stained with alexa phalloidin (Fig. 5K, arrowheads). These cells
located at the lateral side of the expanded region of the sensory
vesicle (white line in Fig. 5H and N’) and made four pairs in both
the left and right sides (Fig. 5N–O).in the 3DVMTE. (A) Visualization of CNS (blue) with a transparent epidermis (white).
lion (VG) cells on the lateral side (purple). Red dotted lines show the putative border
tively. (C) Cell lineage of CNS cells annotated on the 3DVMTE. Lateral side cells in six
purple), and caudal NT (orange) of the CNS. Dorsal (white) and ventral (blue) cells are
undaries of each region. (D–F) Frontal section views in different parts of the CNS. Pink
D/D’, E, and F, respectively. The sectioned position of D and D’ corresponds to line d.
e anteriormost plane of the middle SV. The number of ventral rows differed at the
te asterisks in blue cells). The CNS duct consisted of 10 cells in the d-plane (D’, white
. (G) Ventral view of the anterior SV, middle SV, posterior SV, neck, and anterior VG
and white asterisks, respectively. (H) Lateral view of anterior SV, middle SV, posterior
by red and light blue asterisks, respectively. Two cells outlined in white are large cells
nterior SV cells and are elongated along the anterior-posterior axis. (I) Dorsal view of
18, A11.117, and A10.57) in the VG correspond to the previously reported landmark
ity (red arrowhead) are indicated by asterisks (red and light blue) in H. (J) CLSM image
nd yellow line in K) was narrowed by swelling of cells in the anterior SV (red arrow in J
shown by arrow d in K. Scale bar, 20 mm. (K) Yellow line represents the brain cavity in
ely. (L) Confocal image of trunk region of mid-tailbud embryo labeled with alexa 488-
lower right panel shows a magniﬁed view of the region deﬁned by the red square.
A4.1-derived cells. Scale bar, 20 mm. (M–O) Anatomical position of putative A/A*4.1-
) Putative A/A*4.1-derived cells contact the CNS, trunk endoderm, and epidermis. (N
(pink) are shown. The anterior side of putative A/A*4.1-derived cells contact huge
/A*4.1-derived cells, epidermis (white), and notochord (red) from the dorsal view are
terior; P, posterior; D, dorsal; V, ventral; L, left; R, right; Epi, epidermis; CNS, central
, oral siphon primordia.
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Fig. 6. Mesodermal tissues visualized in the 3DVMTE. (A) Lateral view of the
notochord showing all 40 cells derived from two different cell lineages, the A-line
(red, 32 cells) and the B-line (blue, 8 cells). (B) One notochord cell (red) extracted
from notochord (white transparent). (C) Mid-tailbud tail muscle from a lateral view.
Muscle consists of 18 pairs of cells and is derived from the A-line (light-blue, 4 cells),
B-line (pink, orange, and yellow, 28 cells), and b-line (red, 4 cells). (D) Trunk ventral
cells (TVCs) viewed from the direction indicated by the arrow in E. (E) Lateral view of
the 3DVMTE at mid-tailbud stage. Epidermis (white transparent) and TVCs (red) are
shown. (F) Mesenchyme from anterior (left), lateral (center), and posterior (right)
views. Abbreviations: A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R, right;
CNS, central nervous system; Endo, endoderm; Mes, mesenchyme; Mus, muscle;
Not, notochord; TVCs, trunk ventral cells.
Fig. 7. Endodermal tissues visualized in the 3DVMTE. (A–C) Endodermal tissues
consist of the trunk endoderm (yellow), tail endodermal strand (pink), and
potential primordial germ (PG) cells (green). Arrows indicate the pocket for trunk
ventral cells. (A) Endodermal tissues from a lateral view. (B) Posterior view of
endodermal tissues sectioned at the basal part of the trunk. The endodermal
strand was composed of two bilateral columns of cells (asterisks). (C) Endodermal
tissues from a dorsal view. Endodermal strand cells anterior to potential PG cells
in the mid-tail showed an alternating arrangement along the mid-line, similar to
footprints (arrowheads). (D–F) B/B*8.11 cells containing centrosome-attracting
bodies (CABs) and actin-rich regions in the endodermal strand. (D) Confocal image
of mid-tailbud embryo labeled with alexa 488-phalloidin. Red square box
indicates the actin-rich region, and red circle indicates the B/B*8.11 cells contain-
ing CABs. Scale bar, 20 mm. (E–F) Endodermal tissues in the 3DVMTE from lateral
(E) and dorsal (F) views. Potential PG cells forming a line are indicated by a white
dotted line and white asterisks in F. Note the B/B*8.11 and actin-rich region
located in the gap between the left and right endodermal strand. Abbreviations:
A, anterior; P, posterior; D, dorsal; V, ventral; L, left; R, right; CAB, centrosome-
attracting body; Endo, endoderm; Epi, epidermis; ES, endodermal strand; NT,
neural tube; Not, notochord; PG, primordial germ cells.
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Cell numbers of ascidian mid-tailbud embryos
In a previous study, it was reported that tailbud stage Ciona
embryos were initially composed of 1000 cells after just 10 rounds
of cleavage after fertilization (Satoh, 1994). When clarifying the
tailbud anatomy at a single cell level in this study, we could count
more precisely whole cell numbers in mid-tailbud individuals.
When we compared the 3DVMTE used in this study (T/H¼1.86)
with the 3DVMTE of another individual (T/H¼1.78) at mid-tailbud
stage (Suppl. Table 1), the total cell numbers were 1579 and 1446,
respectively. It means almost 1/10 different even if each individualis within the same mid-tailbud stage (stage 22). Approximately 140
cells (10% of total) could divide between these two stages. Two fold
increase in cell number during the tailbud stage was observed in
Halocynthia (Yamada and Nishida, 1999), increasing from 1100 to
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counts of two different 3DVMTEs indicate that the most actively
dividing tissues were the mesenchyme and endoderm (Suppl.
Table 1). When we compared embryos at the 112-cell stage and
the mid-tailbud stage, we found that an average of 3.82 rounds of
cell division per cell occurred during this period (Suppl. Table 2). At
the tissue level, cells of mesenchyme (5.18), endoderm (4.09) and
epidermis (3.93) were actively divided. On the other hand, cell
division of muscle (1.36), TVCs (2.0) and notochord (2.0) was
stopped or limited from late 112-cell stage to tailbud stage.
The total number of epidermal cells is approximately 800 at
the Halocynthia mid-tailbud embryo (Nishida, 1987). A newly
hatched Ciona larva also have approximately 800 epidermal cells
(Monroy, 1979). Therefore, epidermal cells may not divide after
the mid-tailbud stage in Halocynthia. In our analysis, the epider-
mis (not including primordium of palps and oral siphon) in the
3DVMTE consisted of 761 cells, slightly less than in Halocynthia.
This may be due to slight differences in developmental stage,
species differences, or differences in cell counting method.
Based on Cole’s developmental staging (Cole and Meinertzhagen,
2004), just before hatching (E95), the CNS has a total of 344 cells:
192 SV cells, 46 VG cells, and 106 NT cells (Cole and Meinertzhagen,
2004). On the other hand, the total number of CNS cells in the
3DVMTE (T/H¼1.86) suggests that the number is 228 at around E70
stage. However, when seeing each cell number in the SV, VG and
caudal NT, each corresponding stage seemed to be mismatched. The
reason of the mismatch might be the result of asynchronous cell
division in different CNS regions at later CNS development. This
indicates that the timing of cell division might be variable, to some
extent, depending on each individual. To complete the larval CNS cell
lineages, a lineage trace from mid-tailbud to larva will be needed in
future work.
In our analysis, the total number of endoderm cells (trunk
endoderm and endoderm strand cells) was 199. As the number of
cells constituting the endoderm tissue of a newly hatched larva is
estimated to be about 500 (Monroy, 1979), each cell in the tailbud
stage embryo may divide approximately 1.3 times in order to
form an endoderm tissue consisting of 500 cells.
Cell lineage information
In this study, we found two unidentiﬁed populations of cells. The
ﬁrst is the cells under the tail dorsal epidermis (Fig. 2C and C’; Suppl.
Fig. 1). These cells might correspond to tail bipolar neurons, because
the location and soma shape of the bipolar cells is similar to the
reported for bipolar neuron cells with g-aminobutyric acid (GABA)-
like immunoreactivity in Ciona (Brown et al., 2005). In addition, the
location of expression of Ci-GnRHR4 and a newly-identiﬁed candidate
peptide gene CLSTR16011(Hamada et al., 2011), were in part similar
in this region. Therefore, the cell lineage of this unidentiﬁed cells
might be derived from b/bn7.13 blastomeres of tail bipolar neurons.
The other population of unidentiﬁed cells was found at lateral
side of the anterior SV (Fig. 5L–O). In H. roretzi, an undeﬁned tissue
covering the anterior brain was reported when A4.1 blastomeres
were labeled (Taniguchi and Nishida, 2004). Because of its similar
location, it might be same tissue as the one we found. Interestingly,
Ci-TK (tachykinin gene) was expressed in the anterior ventral brain
at the tailbud stage, an expression domain that expanded around
the pigmented cells in the larval brain (Hamada et al., 2011). Thus,
the Ci-TK-positive cells might correspond to the unidentiﬁed cells at
the lateral side of the ventral SV in this study.
TLCs are considered to be embedded in the mesenchyme because
all the features available from the phalloidin staining (intensity, size
and shape) were similar to the mesenchyme cells. We found that the
numbers of left and right mesenchymal cells differed (N¼2). This
result holds even though the TLCs are included in the cell counts,since the TLCs are comprised of symmetrical 8 pairs of cells that
result from four divisions of A7.6 pairs (Nishida, 1987).
The 3DVMTE will serve to understand the chordate body plan
as well as the tunicate anatomy because tailbud in tunicates and
vertebrates share some structures, including the notochord;
dorsal hollow neural tube and somites (Satoh, 2008; Satoh,
2009), and patterning mechanisms, including a mid- to hindbrain
boundary (Imai et al., 2009); head placodes (Mazet et al., 2005);
‘‘cranial’’ motoneurons (Dufour et al., 2006); and pigment-
producing migratory neural crest-like cells (Jeffery, 2007); heart
ﬁeld (Stolﬁ et al., 2010).
Simple chordate tailbud embryo model
One of the most intriguing questions in the ﬁeld of chordate
evolution is how chordate-speciﬁc features characterizing phyla
arose. The larval ‘‘tail’’ is one of such chordate-speciﬁc features and
the tailbud stage is a very important stage for generating the tail
region. The tail bud is an elongating region of the tail tip in the
tailbud embryo and was previously thought to be a population of
blastema-like cells that eventually form all three germ layers of the
tip of the tail of tadpole larva in amphibians (Holmdahl, 1925).
However, later studies revealed that the tail bud is not a blastema;
rather, tail formation is a direct continuation of events initiated
during gastrulation (Catala et al., 1995; Gont et al., 1993).
The tail of an ascidian embryo is a mixture of multiple tissues,
including a layer of epidermal cells, ventral endodermal cells,
bilateral muscle cells, axial notochord cells, and caudal NT cells
(see the 3D PDF). Surprisingly, when all endoderm precursors
(A7.1; A7.2; A7.5; B7.1; B7.2) are ablated at the 64-cell stage, the
resulting embryos form and extend normal-looking tails, with
normal notochord and muscle organization (Munro and Odell,
2002). This indicates that the combination of epidermal cells,
muscle cells, notochord cells, and caudal NT cells is sufﬁcient for
the elongation of the Ciona tail bud. The combination of tissues
sufﬁcient for tail bud elongation may differ among chordate
animals (Catala et al., 1995; Davis and Kirschner, 2000;
Schoenwolf, 1979). However, Brachyury expression in the tail
bud of vertebrate embryos (Beck et al., 2001; Herrmann et al.,
1990; Row and Kimelman, 2009; Smith et al., 1991), amphioxus
embryos (Holland et al., 1995; Terazawa and Satoh, 1997) and
ascidian embryos (Yasuo et al., 1996) suggests a homology of this
embryonic region (Hotta et al., 2008). Therefore, the ascidian
tailbud embryo is thought to represent a model of the most
simpliﬁed chordate tailbud body plan. This study revealed the
architecture characteristics of each cell/tissue that forms the
tailbud body plan and also provides spatial information on every
cell/tissue. When combining single cell level assignment of the
proﬁle of tissue speciﬁc genes (Satou et al., 2001) on our single
cell level 3D atlas, it can explore single-cell level local cell-cell
interactions by way of speciﬁc-molecules and facilitate the under-
standing of molecular mechanisms in tail bud formation or in
patterning of tailbud tissue morphogenesis (Christiaen et al.,
2007; Ikuta and Saiga, 2007; Imai et al., 2009) through bridging
the gap between different levels of biology, molecular biology,
developmental biology, and morphology.Acknowledgments
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